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It is demonstrated that the hght Higgs boson scenario, which the 
^ ' Ughtest Higgs mass is less than the LEP bound, mh > 114.4 GeV, is 

consistent with the SUSY seesaw model. With the assumptions of the 
universal right-handed neutrino mass and the hierarchical mass spec- 
trum of the ordinary neutrinos, the bounds for the right-handed neu- 
trino mass is investigated in terms of lepton flavor violating charged 
lepton decays. We also discuss the effect of the modification of renor- 
malization group equations by the right-handed neutrinos on the b — > 
S'j process and the relic abundance of dark matter in the light Higgs 
boson scenario. 



1 Introduction 

Supersyinmetric (SUSY) models are excellent candidates for an extension 
of the standard model (SM) for several reasons. The quadratic divergent 
correction to the Higgs mass cancels between loop diagrams of SM particles 
and those of SUSY partners. In SUSY models with R parity conservation, 
the lightest SUSY particle (LSP) plays the role of dark matter. In addition, 
the grand unification is improved as compared to that in the SM. Hence, 
SUSY is well motivated by grand unification theories (GUT). SUSY models 
may also explain the difference of the muon anomalous magnetic moment 
between the observed value and the prediction of the SM, which is 3.4 a 
level [HE]. 

Moreover, if right-handed neutrinos are introduced into the minimal SUSY 
SM (MSSM), i.e., the SUSY seesaw model, the existence and smallness of 
the ordinary neutrino mass can be explained naturally [3|. In the SUSY see- 
saw model, many leptogenesis scenarios are discussed to explain the baryon 
asymmetry of the universe [H El El E]- Hence, this model can explain many 
unsolved problem left in the SM and is the most celebrated candidate for 
physics beyond the standard model. 

In the MSSM, two Higgs doublet fields (if^, Hd) are required to provide 
mass terms for quarks and leptons. Hence, three neutral and two charged 
Higgs bosons exist, two CP-even scalar ones h (lighter), H (heavier), one CP- 
odd pseudoscalar one A, and a pair of charged ones H^. If the coupling of h to 
the Z boson is significantly smaller than the SM value, the mass of the lightest 
one, m/i, can be lighter than the SM bound, rrih > 114.4 GeV [HIEKTO]. This is 
because the LEP experiments searched primarily the Higgs boson by e~^e~ — >■ 
Z — > Zh mode. However, the possibility of m^ < 114.4 GeV, which we call 
the light Higgs boson scenario (LHS), has not been studied thoroughly, since 
the LHS cannot be realized in the constrained MSSM (CMSSM). Studies for 
the LHS has been restricted in spite of its potential importance [H |10l [HI [12] . 

In our previous work [12] , we showed that the LHS scenario is consistent 
with the dark matter abundance observed by WMAP [13]. In the work, the 
MSSM with a nonuniversal Higgs mass boundary condition (NUHM) was 
adopted as a reference model for the LHS, which is the simplest one realizing 
the LHS. Under this boundary condition, the masses of Higgs multiplets are 
different from that of other scalar particles at the GUT scale, Mq- This 
is reasonable because the Higgs multiplets are not necessarily in the same 
multiplet of a gauge group of GUT with other scalar particles. The NUHM 



has six free parameters, (mo, '^1/2, ^o; tan/3, /x, m^), where (mg, mi/2, Aq) 
are defined at Mq and the others are defined at the electroweak scale, 771^. 

Once we introduce the right-handed neutrinos into this model, i.e. the 
LHS in the SUSY seesaw model, lepton fiavor violation (LFV) is inevitably in- 
duced. Hence, this model predicts nonzero branching ratios for LFV charged 
lepton decays. It is known that large l^ol) ^^1 aiid tan/3 enhance these ra- 
tios [14J. Since the LHS requires large values for these parameters [12], LFV 
processes are worth investigating, when the LHS is discussed in the SUSY 
seesaw model. Therefore, we study the effects of the right-handed neutrinos 
on the LHS in this work. In particular, LFV induced by the right-handed 
neutrinos are studied in /x — >• 67, r — > /i7, and r -^ 67 processes, and we 
clarify the constraint for the mass of right-handed neutrinos with the as- 
sumption of the universal right-handed neutrino mass. Moreover, we show 
that the LHS parameters obtained in Ref. [12j are not significantly shifted 
by the modification of the renormalization group equations (RGE) by the 
right-handed neutrinos. 

This paper is organized as follows. In the next section, we present the 
SUSY seesaw model. We summarize the LFV induced by the modification 
of the RGE by the right-handed neutrinos. In Section [3l the LFV processes 
are discussed in mass insertion approximation. Then, we show our numerical 
results for the lepton fiavor violating processes beyond the mass insertion 
approximation. In Section HI we investigate the effects of the modification 
of the renormalization group by the right-handed neutrinos on the allowed 
region obtained in Ref. p,_2j. Section [5] is devoted to summary and discussion. 

2 Model 

In this section we briefiy review the SUSY seesaw model. Then, we mention 
the modification of the RGE and LFV induced by the right-handed neutri- 
nos. We use the notation of the SUSY Les Houches Accord for the MSSM 
sector fT5l. 



2.1 Neutrino sector 

The relevant superpotential of the model is given by 



where we take the basis that Ye and M are diagonahzed, and hence Yi, is a 
nondiagonal complex matrix. In the following, we assume that the Majorana 
mass of the right-handed neutrino, M, is much larger than the electroweak 
scale. After the electroweak symmetry breaking, the neutrino mass matrix 
is given as 

C-^-iK N^Cr ':?)(^^)+H.c., (2) 

where rriD = V2Yyl \/2 is the neutrino Dirac mass and V2/ \/2 is a vacuum 
expectation value of H2- Then, the light neutrino mass matrix is given by 

nil, — —m£)M^^rri^. (3) 

This matrix ttl^, can be diagonahzed by the Maki-Nakagawa-Sakata (MNS) 
matrix, 

diag{m^^,mu2,m^^) = m^""^ = U^j^^mMuNS- (4) 

The matrix J/mns is defined as 

f^MNS = V diag(e-^2,e"*-,l), (5) 

where and 0' are CP violating Majorana phases and V is given by 

C12C13 

V = I — S12C23 — Ci2S23Si3e' C12C23 — Si2S23Si3e* C13S23 | . (6) 

■S12S23 ~ Ci2C23Si3e* 

We have abbreviated sin6'jj and cos 9ij as Sy and c^-, respectively. 
Note that from Eqs. (^ and (jl]), Y^, can be parametrized as follows 

.V2 



C13S12 




C12C23 - Si2S23Sl3e^'' 


C13S23 


-C12S23 - C23Si2Si3e^'' 


C13C23 



K'' = i^VMR^mf^^uU,, (7) 

where i? is a 3 x 3 complex orthogonal matrix. For larger right-handed 
neutrino masses, larger Y^ is derived as Y^, oc M^/^. As discussed below, the 
LFV depends crucially on Y^. In the following, we assume that the right- 
handed neutrinos have the same mass M for definiteness. The parameters 



m!^^^ and Umhs can be determined by neutrino oscillation experiments. We 
use the following parameters [T71 [THl [12] , 



rriy^ = 


OeV, 












Am2i 


= ml — 


m\ = 


80 


X 


10 


-^v^, 


Am32 


= \ml 


- m\\ 


= 


25 


X 


10-^ eV^ 



sin ^12 = 0.56 , sin ^23 = 0.71 , sin ^13 < 0.22 , (8) 

where we assumed the normal hierarchy of the neutrino masses, m,^^ -C 
m,^2 "^ '^I's ^^d mj,^ = for definiteness. The latter assumption does not 
affect our results as long as irtj^^ <^ m^^ . The mixing angle ^13 and the Dirac 
phase 5 are taken as free parameters. 

2.2 Renormalization group equations 

In addition to the neutrino masses, the existence of the right-handed neu- 
trinos modifies the RGE of the MSSM. The RGE between Mg and M are 
different from those of the MSSM. By this modification, LFV is induced in 
the slepton mass matrices as well as the deviation of masses of superparticles 
at the electroweak scale from those without the right-handed neutrinos. 

The RGE in the SUSY seesaw model are well known and presented, for 
example, in Ref. [H]. Since the LHS cannot be realized in the CMSSM, we 
adopt the boundary condition of the NUHM for solving the RGE. Except 
for neutrino parameters, the NUHM with right-handed neutrinos has seven 
free parameters, (mo, mi/2, ^0, tan/3, /z, mA,M), where (mo, mi/2, ^o) are 
defined at M^, (tan/3, /x, m^) are defined at m^, and the universal right- 
handed neutrino mass M is treated as a constant independent of renormal- 
ization scale. Using the input values at the mw scale, a boundary condition 
at Mg is derived by the renormalization group running. Then, we solve the 
RGE with this boundary condition from Mg to mw and compare the re- 
sult with the input parameters at m,w We iterate this procedure till the 
result becomes self-consistent with all input parameters. In this work, the 
renormalization group running is evaluated by SPheno [20] . 

In this section, we only mention a LFV part of the RGE. LFV is inevitable 
in this model, since Ye and Yi, cannot be diagonalized simultaneously. For 
example, even if m? is diagonal at Mg-, the LFV is transmitted from neutrino 
Yukawa couplings to the soft SUSY breaking mass of the slepton doublet. 



Points 


mo 


"^l/2 


Ao 


tan/? 


niA 


M 


1 


196.25 GeV 


323 GeV 


-1000 GeV 


10 


104 GeV 


600 GeV 


2 


492 GcV 


147.5 GeV 


-1000 GeV 


10 


104 GeV 


600 GeV 



Table 1: Input parameters for the LHS 



m|, through 



d 



167i'^—-m1 
dt ^ 



167r^--mf 
dt ^. 



MSSM 



+2{Y:{mlYYj + mlXYj + T^ 



T 2\ 



(9) 



where ?ti^ is the soft mass of the right-handed sneutrino, mij^ is the mass 
of the Higgs boson coupHng to the up-type quarks, and Ty = AqY^, is the 
trihnear couphng with the sneutrino. 

If all scalar masses at Mq are assumed to be universal as the CMSSM 
boundary condition, the off-diagonal elements of m? at low energy are esti- 
mated in the leading log approximation as 



m| ~ 



-1 

8^ 



{3ml + Al)iY:Yj) log 



M. 



GUT 



M 



(10) 



However, the LHS cannot be realized in the CMSSM, and therefore we 
adopted the the boundary condition of the NUHM. Accordingly, the RGE of 
this model should be solved numerically. Nevertheless, it remains true that 



m- 



is almost proportional to Y*Yj 



We investigate LFV processes for two parameter sets, which are sum- 
marized in Table [H These parameters are typical ones consistent with the 
observed dark matter abundance and the branching ratio of 6 — >■ 57 in the 
LHS without the right-handed neutrinos [T2] . 



3 Lepton Flavor Violation 

In this section, we study LFV processes in the LHS with the right-handed 
neutrinos. In particular, the branching ratios of the LFV processes, U — > [jj, 
are discussed. 



3.1 Mass insertion approximation 

The LFV in m| induces LFV charged lepton decays, for example, k —>■ Ij'j 
decays. In the mass insertion approximation, the contribution to /j -^ Ij'j 
decay amphtude is proportional to (r7i|)jj. As a result, the branching ratios 
Br(/j —>■ Ijj) are proportional to |(r?7,|)jjp and roughly estimated as 

Bi{U -^ hi) oc — _^tan2/5 oc — _-^|(F;yJ),^f , (11) 

\J rp Ilia yjf fpl I I Q 

where ms means a typical scale of SUSY particle masses, a is the fine struc- 
ture constant, and Gp is the Fermi constant. In the following, we assume R 
is a real orthogonal matrix for simplicity. Then Y*Yj is independent of the 
form of R under our assumption of the universal right-handed neutrino mass 
and is written as 

Y*Yj = {2M/vl)Vmf^Wl (12) 

Here, we find Y*Yj is also independent of Majorana phases. As a result, 
it can be seen that the structure of the LFV is determined by the ordinary 
neutrino masses and the mixings, and the right-handed neutrino mass deter- 
mines the normalization of the LFV. Note here that even if we treat R as 
complex, the branching ratios of the LFV processes are expected to be in the 
same order as the real case except for an accidental cancellation due to the 
phases in R. 

The amplitude of yU ^ 67 is known to be enhanced for large A and 
/itan/3 as A/ms and fitanf3/ms. These are much larger than ms in the 
LHS [12], since A and /z are larger than mo and m,i/2- In addition, the LHS 
requires large tan/3, which also enhances the amplitude. Moreover, masses 
of SUSY particles in the LHS are small, so that m,s ~ a few hundreds GeV. 
Accordingly, the constraint on M in the LHS seems to be severe. 

3.2 Beyond the mass insertion approximation 

In this subsection, we will present our numerical results for the branching 
ratios of LFV processes, /j -^ Ij^. 

With the input parameters shown in Table [H we calculate the branching 
ratios of /i — ;> 67, r -^ 67, and r — > ^^7 processes. We calculate these pro- 
cesses beyond the mass insertion approximation following Ref . [H] . Figure [1] 
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Figure 1: The branching ratios Br(/j -^ Ijj) at Point 1 are shown as a function of 
M. The sohd (dashed-dotted) black and gray hnes are for sin^is = 0.1 (0.01) and 
sin0i3 = 0.05 (0.001), respectively. The horizontal dashed black and gray lines 
represent the present bound and future sensitivity. 



shows the branching ratios at Point 1 as a function of M. The left (right) 
figures are results for (5 = (vr). The solid (dashed-dotted) black and gray 
lines are for sin 6^13 = 0.1 (0.01) and sin 6*13 = 0.05 (0.001), respectively. The 
branching ratios of /i — > 67 and r — »• 67 depend on 61^ and 5, while t —>■ fij 
is independent of them. The horizontal dotted black and gray lines show 
the present bound and future sensitivity. The present bounds are summa- 
rized as Br(/i -> 67) < 1.2 x 10"^^ M, Br(r -> 67) < 1.1 x 10~^ |221 ES], 
and Br(r -^ H'j) < 4.5 x 10"^ [22], [2l]|l| As the future sensitivity, we take 
Br(/i -> 67) ~ 10-^^ [26], and Br(r -^ 67) ~ Br(r -^ fxj) ~ 10"^ [27]. The 
most stringent constraint is given by the /i ^ 67 process, whose bound is 
given as M < 10^'^ GeV. This bound can be relaxed as M < 10^^ GeV in 
a specific case with large sin ^13 and 5 ~ vr. The behavior of this cancella- 
tion is determined by Y*Yj , i.e., neutrino masses and mixings. As a result, 
Br(/i —>■ 67) takes the smallest value for 6 = n and sin6'i3 ~ 0.1, which are 
illustrated later. 

Figure [2] shows the branching ratios at Point 2. The dependences of the 
ratios on 613 and 6 are almost the same as Point 1, since its comes almost 
from Y*YJ . Hence, we show the results for only 5 = 0. The constraints on 
M at Point 2 is slightly weak compared to those at Point 1. This is because 
the slepton masses at Point 2 are larger than those at Point 1. 

In Fig. [3l the branching ratio of the /i — ;> 67 process is shown as a function 
of sin6'i3 at Point 1. We calculate the branching ratio for several values of 5. 
The solid black and gray lines are for 5 = tt and 5 = 27r/3, and the dashed- 
dotted black and gray lines are for 6 = ir/S and 6 = 0, respectively. The 
horizontal dashed black and gray lines represent the present bound and future 
sensitivity. The right-handed neutrino mass is taken to be M = 5 x 10^^ GeV. 
The results for 5 > vr is almost the same as 2tt — 6. It can be seen that the 
branching ratio is significantly small for 5 ~ vr and sin6'i3 ~ 0.1. When 
6 < 27r/3, the branching ratio is larger for larger sin ^13. When 6 > 2tt/3, the 
branching ratio is suppressed for large sin6'i3. This cancellation is maximum 
at sin6'i3 ~ 0.1. 



^ More stringent bounds are reported in Rcf. [25 as Br(T -^ 67) < 9.4 x 10^'* and 
Br(r — > /i7) < 1.6 x 10~^, which are combined bounds of the BaBar and Belle results. 
The most stringent bound comes still from the /i — > 67 process, even if these bounds are 
used. 
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Figure 2: The branching ratios Br(/j -^ Ijj) at Point 2 are shown as a function 
of M. The sohd (dashed-dotted) black and gray hnes are for sin ^13 = 0.1 (0.01) 
and sin0i3 = 0.05 (0.001), respectively. The horizontal dashed black and gray lines 
represent the present bound and future sensitivity. 



4 Other constraints 

Introducing the right-handed neutrinos into the LHS may shift the allowed 
parameter region obtained in Ref. [12] due to the modification of the RGE. 
In this section, we discuss the modification of the RGE and show that the 
allowed parameter region is almost not altered if M is constrained by the 
/i ^ 67 process. 

The allowed region in the LHS is determined by the 6 — i> 57 process and 
the relic abundance of dark matter. First, we discuss the 6 — > 57 process. 
The flavor mixing in the squark sector is not induced by the right-handed 
neutrinos in the leading order. Hence, the allowed region of Br(6 — »• S7) is 
not shifted if the mass spectrum of the LHS in the SUSY seesaw model is 
not changed compared to the case without the right-handed neutrino. In 
Fig. m the masses of the lightest up-type squark, the lightest down-type 
squark, the lightest charged slepton, the lightest neutralino, and the lightest 
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Figure 3: The branching ratio of Br(/i -^ ej) at Point 1 is shown as a function 
of sin 6*13 . The sohd (dashed-dotted) black and gray hnes are for (5 = vr (vr/S) and 
6 = 27r/3 (0), respectively. The horizontal dotted line represents the present bound 
and future sensitivity. 
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Figure 4: The masses of the lightest up-type squark, the lightest down-type 
squark, the lightest charged slepton, the lightest neutralino, and the lightest 
chargino are shown as a function of M. 
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Figure 5: (Left figure) Tiie mass difference between the lightest neutralino and 
the lightest slepton is shown. The mass difference of the LHS with (without) the 
right-handed neutrinos is shown as the solid (dashed) line. (Right figure) The relic 
abundance of the LSP is shown as a function of the right-handed neutrino mass. 
The abundance with (without) the right-handed neutrinos is solid (dashed) line. 
The shaded region is the region allowed by the WMAP observation. 

chargino are shown as a function of M. The left (right) figure is the result 
at Point 1 (2). As seen in these figures, the masses of SUSY particles are not 
significantly altered from those without the right-handed neutrino, since the 
effect of the right-handed neutrino become negligible for smaller M. Hence, 
the parameter region allowed by Br(6 — > S7) safely remains unchanged. In 
fact, the difference by including the right-handed neutrinos of m = 10^^ GeV 
is only 2 %. Though we have showed masses only for some particles in 
these figures, we confirmed that masses of other SUSY particles are also not 
changed. 

Next, we discuss the relic abundance of dark matter [28]. At Point 2, the 
abundance of the lightest neutralino is determined by the annihilation process 
mediated by the pseudoscalar Higgs. Since the mass of the pseudoscalar 
Higgs is one of the input parameters, the abundance at Point 2 is not affected 
by the existence of the right-handed neutrinos. On the other hand. Point 1 is 
in the coannihilation region, where the relic abundance depends strongly on 
the mass difference between the lightest neutralino and the lightest slepton. 
Note that the mass difference is more sensitive to M than mass itself. In 
Fig. [5] (left), we show the mass difference between the lightest neutralino (xo) 
and the lightest slepton (ei), A = m^^ — m^o as a function of M. The solid 
(dashed) line shows A of the LHS with (without) the right-handed neutrinos. 
In most of the region allowed by the /i — *> 67 process, the shift of the mass 
difference is negligible. At M ~ 10^^ GeV, the mass difference decreases by 
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a few GeV. Figure (right) shows the rehc abundance of dark matter as a 
function of the right-handed neutrino mass. The abundance with (without) 
the existence of the right-handed neutrinos is denoted by the sohd (dashed) 
hne. The shaded region is the region allowed by the WMAP observation at 
3 a level. As seen in this figure, the effect of the right-handed neutrinos on 
the abundance in the coannihilation region of the LHS is negligibly small for 
M < 10^^ GeV. For M ~ 10^^ GeV, which is the very restricted case as above, 
the mass difference deviates significantly from that without the right-handed 
neutrinos. Hence, the abundance is significantly smaller than that without 
the right-handed neutrinos. Nevertheless, this is not a severe problem. The 
mass of the slepton is dependent on ttiq, while that of the neutralino is not. 
Therefore the increase of mo by several GeV compensate for the decrease of 
the mass difference by the existence of the right-handed neutrinos. For this 
modification of m-o, Br(6 — >■ 57) is not changed significantly. Therefore, after 
introducing the right-handed neutrinos the allowed region of the LHS can 
survives with slightly larger mo. 

We also mention other constraints for the LHS, B^ -^ f^~^fJ'~ and the 
muon anomalous magnetic moment. The deviation due to the existence of 
the right-handed neutrinos is small because masses of SUSY particles are not 
significantly changed. For the same reason, the prediction for direct detection 
of dark matter is not altered. 

5 Summary and discussion 

We have demonstrated that the LHS can be realized in the SUSY seesaw 
model. With the assumptions of the universal right-handed neutrino mass 
and the hierarchical mass spectrum of the ordinary neutrinos, we have shown 
that LFV processes are consistent with the present experimental bounds if 
the right-handed neutrino masses are less than 10^^ GeV. If sin^ia ~ 0.1 and 
5 ~ TT, this bound is relaxed as 10^^ GeV. We have also confirmed that the 
relic abundance of the lightest neutralino is not affected by the introduction 
of the right-handed neutrinos, if the right-handed neutrino mass satisfies the 
LFV bound. 

We assumed that the ordinary neutrino mass spectrum is hierarchical 
and the right-handed neutrino mass is universal. Even if the inverted hier- 
archical mass spectrum is assumed, the order of magnitude of the constraint 
for the right-handed neutrino mass is not changed significantly. While the 
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ratios between Br(/i -^ e'j), Br(r -^ 67), and Br(r -^ fi'j) are varied, the 
yU — > 67 process gives the most stringent constraint for the right-handed neu- 
trino mass. On the other hand, if the universal right-handed neutrino mass 
is not assumed, the matrix R cannot be ignored even if i? is a real matrix. 
As a result, the predicting the branching ratios becomes complicated. In a 
particular case, accidental cancellation may occur in a LFV process. Nev- 
ertheless, much severer constraint for the right-handed neutrino mass is not 
plausible. 

Now, it has been confirmed that the LHS is consistent with the extension 
including the neutrino masses. One of the most important problems left in 
the SM is the origin of the baryon number asymmetry of the universe. In 
the SUSY seesaw model, the thermal leptogenesis suffers from the severe 
gravitino problem [5l|29j. However, in SUSY models, the asymmetry can be 
generated by nonthermal leptogenesis, for example, the Affleck-Dine mecha- 
nism [6],|30]. Therefore, the LHS can be consistent with the baryon number 
asymmetry of the universe. 
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